The shaped charge jet device has provided an efficient means of accelerating mass in hypervelocity studies for a broad variety of research and applications. This effort extends traditional 1-dimensional liner collapse to 2-dimentional manipulation and energy control of the jetting mechanism. Various confinement conditions were explored to induce non-concentric liner collapse conditions and produce planar jet structures. Symmetric, but non-uniform confinement produced 2-dimensional 'spreading jets' that have utility in cutting metal plates, pipe cutting, demolition and/or demilitarization of outdated or hazardous ordnance scenarios. First, parametric studies were numerically conducted to scope confinement thickness, confinement material, and the uniformity in circumferential coverage. Then, configurations were selected to best cover the design space and physical experiments were carried out with dualorthogonal flash radiography. Lastly, the results were compared to the numerical simulations and analysis was conducted to examine the mechanism for mass re-distribution and extraction of the physics from explosive loading, its reflections off the non-uniform case, and liner collapse and jetting process. Three shots were conducted using the Viper liner and the steel thickness of 5.5mm since it provided the maximum confinement effect. The three shots examined the following gap sizes of 30°, 60°, and 90°, and confirmed the numerical predictions of increasing radial expansion with gap size. The integrated approach of numerical modeling and experimental validation resulted in a higher fidelity insight into the complex jetting mechanism for improved future designs.
Introduction
The shaped charge concept involves introducing a cavity within a cylinder of explosive to focus the energy of the detonation products and this cavity may be lined with a solid to extend the focused energy to greater distances. Typically, the liner material is metal and a symmetric detonation wave results in a symmetric collapse of a conical liner to form a highvelocity collinear jet of material. Traditionally, this jet has been used to penetrate thick structures such as armor or geologic formations but the applicability of the shaped charge jet may be expanded by introducing pressure asymmetry during collapse in order to generate off axis velocity components and spread the jet. Linear shaped charges maintain the symmetric detonation wave collapse but alter the liner geometry in order to produce a linear cutting profile. Held reported an alternative technique of planar symmetry of confinement to generate a linear cutting profile from an axisymmetric conical liner [1] . Held claimed that confinement in one plane would hold the shock wave pressure longer in that plane and it would therefore act on its region of the collapsing liner for a greater duration and the jet would yield toward the unconfined plane.
It was the objective of this effort to understand in greater detail the pressure asymmetry effects of planar symmetric confinement and corresponding jet formation. Planar symmetry of the confinement implies confinement in 90° quadrants but how would the jet spread if the gap in confinement was less than 90°? An integrated numerical and experimental approach was pursued to understand the pressure asymmetry evolution of the liner as it flows into the collapsing point or stagnation point using simulations and corresponding experiments were conducted in order to provide validation of the simulation accuracy.
Numerical Analysis

Numerical Details
Due to the low cost and ease of fabrication, a traditional Viper shaped charge was chosen to evaluate the effects of inertial confinement. The viper liner was composed of copper, had a 22.5° cone angle, and 6.52cm base diameter. The explosive used was LX-14 with an 8.83km/s detonation velocity and 37GPa CJ pressure for material having a density of 1.83g/cm 3 which is 99% of TMD. For this effort the explosive did not have a boat-tail and consisted of a straight-wall, right circular cylinder. A three-quarter representation of the geometry is shown in Figure 1 to illustrate the liner profile within the explosive. The explosive was initiated at the center-point on the back end. Given the symmetry of the geometry and expansion of the detonation wave, the problem was modeled using a quarter-section. Since this effort would result in complex detonation wave interaction and large plastic deformation, the hydrocode, CTH, was used to model the problem. Adaptive Mesh Refinement (AMR) was employed to minimize the number of cells necessary for the overall simulation. Based on the desire to understand how pressure evolved within the liner and subsequent material movement and the need to distinguish between regions through the thickness of the liner, a mesh density of at least five cells through the thickness of the liner was utilized. By using AMR, a high density of cells were placed within the liner with fewer cells within the explosive and confinement. Five tracers were placed through the thickness at radius locations from the centerline of r=0.0cm, 0.3cm, and in 0.2cm increments between 0.6cm and 3.2cm. An illustration of the tracer locations are shown in Figure 2 .
The Jones-Wilkins-Lee (JWL) burn model was used to simulate the LX-14 detonation propagation. The Mie-Gruniesen equation of state was used for all metallic materials. The Johnson-Cook strength model and fracture model was used for copper and steel [2, 3] . As the detonation wave progresses from the initiation point it will eventually reach either the confinement interface or a free surface and reflect back into high pressure gas by-products. The most important consideration for the confinement was the gap size measured in degrees from the Y axis. Reflections from the confinement will result in a re-shock of the gas products and a reflection from the free surface of the exposed explosive will result in a release wave propagating within the gas products. The two reflections will expand spherically and reflections at the edges will interact and alter each other. The altered reflection continues to propagate an eventually acts on the stagnation point of collapse and affects the magnitude and duration of pressure asymmetry. The question becomes what is the optimal gap size. For a small gap, a reflection from the free surface of the explosive (YZ plane) may act on the stagnation point unperturbed for a short period of time before the altered reflection from the confinement edge changes the pressure. As the gap size increases, it will take longer for the reflection at the edge of the confinement to reach the YZ plane and the initial reflection from the explosive free surface will act on the liner unperturbed for a longer period of time. As the gap continues to increase, the free surface reflection at the YZ plane will be less influenced and the reflection at the XZ plane will be influenced. To examine the effects of the reflection and its timing several configurations were chosen. Steel was chosen for the confinement with a thickness of 6.35mm [4] . 
Numerical Results
As the detonation wave sweeps across the shaped charge liner, material is driven toward the centerline which results in a region of high pressure and the material is extruded along the centerline. By introducing pressure and time differentials, the high pressure region will be asymmetric and the material exiting this region will respond with a jet formation that may differ significantly depending on the view. As shown in Figure 4 , there is a significant difference in jet formation between the XZ plane which indicates a particulated, collinear jet and the jet formations predicted for the YZ plane. The particulated collinear jet was predicted for the XZ plane regardless of gap size but an increasing separation of jet mass in the YZ plane with increasing gap size. The maximum width of the jet for a shaped charge having a symmetric 30° gap was approximately 7cm at 40 s, but the separation increased to 9cm at 40 s for configurations having 60 and 90° gaps. Closer examination of the material plots in Figure 4 reveal differences in the jet structure in the YZ plane. The liner material at the back end of the separated jet is approximately 45° relative to the Y axis but are flat or at 0° for the 60 and 90° gap configurations. This would indicate that the pressure asymmetry acting on the liner material passing through the high pressure region was either higher or had a longer dwell time or both for the 60 and 90° gap configurations. Comparing all the gap configurations, the angle for the material at the back end of the separated jet was highest for the 20° gap and decreased until perpendicular to the Z axis for the 60° configuration. Another important observation is that liner mass is separating along the outer edges of the jet for the 90° gap configuration.
To gain greater insight into the formation, pressure plots of both the XZ and YZ planes were examined to visualize the evolution of pressure within the gas products and how it acted upon the liner. A sequence of images illustrating the distribution of pressure at various times is shown in Figure 5 . At 8 s the detonation wave has swept past the apex of the liner cone and a reflection is propagating from the cone apex back into the gas but there are distinct differences between XZ and YZ planes regarding the other reflection. The reflection in the XZ plane is a re-shock corresponding to a higher pressure but the reflection in the YZ plane is a release wave in which the pressure is decreasing. These reflections will continue to propagate until they collide along the centreline. The image in Figure 5 .B shows the relative magnitude of pressure and size of the reflections at 12 s prior to impacting the liner collapse region. At 13.75 s both the re-shock and release waves have reached the collapse point and are introducing pressure asymmetry. At 15 s the jet structure appears identical for both the XZ and YZ planes but the pressure asymmetry begins to compress the jet in the XZ plane and cause it to expand in the YZ plane. At 25 s as shown in Figure 5 .E the pressure asymmetry of the collapse point is more dramatic and so is the jet structure difference between the two planes. Both planes exhibit a diamond-like shape for the high pressure collapse point but the region is significantly larger for the YZ plane.
Lagrangian tracers were employed to determine the pressure evolutions for regions of the liner as they passed through the collapse or stagnation point. Of most interest was the pressure response for material originally along the free surface of the liner since it would compose the separated region in the YZ plane. As indicated earlier, the reflections did not arrive to the collapse point until 13.75 s therefore liner material along the free surface that passed through the collapse point prior to reflection arrival was not influenced. Liner mass originally located along the free surface at a radius of 1.2cm from the centerline begins to flow into the high pressure region at approximately 12 s as shown in Figure 6 .A and a perturbation occurs at 13.75 s. Prior to 13.75 s the pressure acting upon free surface material originally at r=1.2cm is identical regardless of gap size or plane. After 13.75 s, differences appear due to gap size. It is evident that the 30° gap indicated by the solid and dashed blue lines results in a slightly higher pressure that reaches a peak at approximately 15 s. The pressure magnitude is similar for both the 60 and 90° gap configurations but the pressure attenuates much more rapidly for the 90° gap. Although there are predicted pressure differences as a result of gap size, the pressure difference between planes (XZ, YZ) is negligible. A microsecond later and free surface material originally at 1.4cm from the centerline flows into the collapse point and significant pressure differences between planes become apparent. The difference in peak pressure is small but the difference in dwell time is large. The pressure profiles in the XZ and YZ planes for the 30 and 90° configurations exhibit similar shapes but the pressure acts in the YZ plane for 0.75 s longer for the 30° gap and 0.5 s longer for the 90° gap. The dwell time for the 60° gap shown in red is significantly different between the two planes. The pressure attenuates in the XZ plane by 17.5 s but not until 21 s for the YZ plane. The data shown in Figure 6 .C and D indicate that peak pressure in the XZ plane is higher and has a different attenuation response than the pressure in the YZ plane. Also, for the 90° gap configuration the dwell time in the YZ plane is always longer than the XZ plane potentially explaining why mass was separating from the outer edges of the jet structure shown in Figure 4 . 
Experimental Validation
Experimental Details
A Viper shaped charge consisting of a copper liner and LX-14 explosive was used to experimentally validate the numerical predictions. A steel case was used for confinement and 30, 60, and 90° gaps within the confinement were examined. The case was 5.5mm thick due to pre-existing dimensions which was approximately 0.8mm less than the simulations. A rigid test stand along with a flash x-ray system was employed to capture the orthogonal jet structure in the XZ and YZ planes. The test stand consisted of a 6inch thick blast shield with an aperture for the jet to pass through and attached to the blast shield were beams for positioning digital x-ray screens. The experimental configuration is shown in Figure 7 .A. The test used 4 150keV flash x-ray sources with two sources positioned off the shot line to capture multiple times in the YZ plane and similar positioning for the XZ plane. The amplification ratio between source to object and source to film ranged between 0.8 -0.82. Additionally, a 3inch steel plate positioned 1040mm from the face of the shaped charge was used to capture the jet particles and their cutting profile. As shown in Figure 7 .B the shaped charge was positioned on a foam v-shaped block to minimize reflections and the front face of the charge was positioned 25.4mm (1 inch) from the surface of the blast shield. 
Experimental Results
Evidence of the jet separation was captured using a flash x-ray system and the profiles on the film were mapped back to the actual path of the jet for analysis. The jet profiles along the shot line in the YZ plane for a given gap configuration are shown in Figure 8 with blue corresponding to the 30° gap, red to the 60° gap, and black for the 90° gap with the difference in times differentiated by solid and dashed lines. The jet tip velocities determined through measurements were 9.57, 9.18, and 9.74km/s for the 30, 60, and 90° gaps, respectively. The predicted jet tip velocities were 9.71, 9.54, and 9.52km/s for the configurations resulting in a 1-4% difference between actual and predicted tip velocity. The radial expansion rate of the jet in the YZ plane was determined using the point of maximum separation distance from the path of the tip for a given time. For the 30° gap configuration the max separation distance was 59mm at 82.9 s and 78mm at 103.9 s resulting in an expansion rate of 0.9km/s. The maximum separation distance from the simulations was acquired from tracer positions. The tracer with the largest Y position or distance from the Z axis was presumed to be representative of the separation distance. The predicted maximum separation distance for the 30° gap was 54mm and 70mm for the two times yielding an expansion rate of 0.78km/s. The max separation for the 60° gap configuration was not as accurately predicted by CTH since the measured values were 78mm and 107mm with predicted values of 106 and 142, respectively. The predicted values indicated an expansion rate of 1.7km/s but the rate was measured as only 1.4km/s. For the 90° gap configuration the measured values were 82 and 112mms with predicted being 93 and 123mms resulting in the same expansion rate (measured & predicted) of 1.4km/s. This was confirmed with the witness block shown in Figure 9 .C which was 1040mm from the face of the shaped charge. The largest cutting profile was obtained by the 90° gap which was 710mm in height with symmetric cuts of 355mm above and below the centerline. The 60° gap resulted in a cutting path of 559mm with a slight asymmetry of 273mm above and 286mm below the centerline. The smallest cutting path was obtained with the A B 30° gap of 400mm with 203mm above and 197mm below the centerline. The asymmetry may be a result of several factors such as slight misalignment of the shaped charge and the contact of the steel confinement. Another observation obtained from the film was confirmation of liner mass separating from the outer edges of the jet profile for the 90° gap as shown in Figure 9 .A. The simulation indicated this phenomenon began at approximately 25 s and the separated mass expanded at a similar rate as the jet. At 83 s evidence of the separated mass is visible in the film. A corresponding profile of the jet in the XZ plane is shown in Figure 9 .D illustrating that the jet has very little separation. 
